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FOREWORD

INTRODUCTION

This is one of a group of handbooks cover-
ing the engineering information and quanti-
tative dataneeded in the design and construc-
tion of ordnance equipment, which (as a
group) constitutes the Ordnance Engineering
Design Handbook Series.

PURPOSE CFF HANDBOOK

The handbook on Servomechanisms has
been prepared as an aid to designers of auto-
matic control systems for Army Ordnance
equipments, and as a guide to military and
civilian personnel who are responsible for
setting control-system specifications and en-
suring their fulfillment.

SCOPE AND USE CFF HANDBOOK

The publications are presented in hand-
book form rather than in the style of text-
books. Tables, charts, equations, and biblio-
graphical references are used in abundance.
Proofs and derivations are often omitted and
only final results with interpretations are
stated. Certain specific information that is
always needed in carrying out design details
has, of necessity, been omitted. Manufac-
turers’ names, product serial numbers, tech-
nical specifications, and prices are subject to
great variation and arc more appropriately
found in trade catalogs. It is essential that
up-to-date catalogs be used by designers as
supplements to this handbook.

To make effective use of the handbook dur-
ing the design of a servo, the following proce-
dure is suggested. The designer should turn
first to Chapters 16 and 17 where design
philosophy and methods are discussed. Im-
plementation of the design procedure may
require a review of certain theoretical con-
cepts and methods which can be achieved
through reference to Chapters 1 through 10.
As the design proceeds, a stage will be
reached at which the power capacity of the
output member has been fixed. Reference to

Chapters 14, 15, and 16 will then illustrate
the salient features of output members hav-
ing the required power capacity. After the
designer has chosen the output member, he
will find the information dealing with sensing
clements and amplifiers (Chapters 11, 12,
and 13) helpful in completing the design.

FEEDBACK CONTROL SYSTEMS AND
SERVOMECHANISMS

Servomechanisms are part of a broad class
of systems that operate on the principle of
feedback. In a feedback control system, the
output (response) signal is made to conform
with the input (command) signal by feeding
back to the input a signal that is a function
of the output for the purpose of comparison.
Should an error exist, a corrective action 1is
automatically initiated to reduce the error
toward zero. Thus, through feedback, output
and input signals are made to conform essen-
tially with each other.

In practice, the output signal of a feedback
control system may be an eclectrical quantity
such as a voltage or current, or any one of a
variety of physical quantities such as a linear
or angular displacement, velocity, pressure,
or temperature. Similarly, the input signal
may take any one of these forms. Moreover,
in many applications, input signals belong to,
one of these types, and the output to another.
Suitable transducers or measuring devices
must then be used. It is also common to find
multiple feedback paths or loops in compli-
cated feedback control systems. In these sys-
tems, the over-all system performance as
characterized by stability, speed of response,
or accuracy can be enhanced by feeding back
signals from various points within the system
to other points for comparison and initiation
of correction signals at the comparison points.

At present, there is no standard definition
of a servomechanism. Some engineers prefer
to classify any system with a feedback loop
as a servomechanism. According to this inter-



pretation, an electronic amplifier with nega-
tive feedback is a servo. More frequently,
however, the term servomechanism is re-
served for a feedback control system contain-
ing a mechanical quantity. Thus, the IRE
defines a servomechanism as “a feedback con-
trol system in which one or more of the sys-
tem signals represents mechanical motion.”
Some would restrict the definition further by
applying the term only to a special class of
feedback control system in which the output
is a mechanical position.

APPLICATION OF SERVOMECHANISMS TO
ARMY EQUIPMENT

Servomechanisms are an important part of
nearly every piece of modern mechanized
Army equipment. They are used to automat-
ically position gun mounts, missile launchers,
and radar antennas. They aid in the control
of the flight paths of jet-propelled rockets and
ballistic missiles, and play an important role
in the navigational systems of those vehicles.
As instrument servos, they permit remote
monitoring of physical and electrical quan-
tities and facilitate mathematical operations
in computers.

No single set of electrical and physical re-
quirements can be stated for servomecha-
nisms intended for these diverse military ap-
plications. The characteristics of each servo-
mechanism are determined by the function it
is to perform, by the characteristics of the

other devices and equipments with which it
is associated, and by the environment to
which it is subjected. It will often be found
that two or more servo-system configurations
will meet a given set of performance specifi-
cations. Final choice of a system may then be
determined by such factors as ability of the
system to meet environmental specifications,
availability of components, simplicity, relia-
bility, ease of maintenance, case of manufac-
ture, and cost. Finally, the ability to translate
any acceptable paper design into a piece of
physical equipment that meets electrical and
physical specifications and works reliably
depends to a great extent upon the skill of
the engineering and manufacturing groups
responsible for building the system. The exer-
cise of care and good judgment when specify-
ing electrical, mechanical, and thermal toler-
ances on components and subsystems can
contribute greatly to the successful imple-
mentation of servo-system design.

The handbook on Servomechanisms was
prepared under the direction of the Ordnance
Engineering Handbook Office, Duke Univer-
sity, under contract to the Office of Ordnance
Research. The material for this pamphlet
was prepared by Jackson & Moreland, Inc.,
Boston, Massachusetts, under subcontract to
the Ordnance Engineering Handbook Office.
Jackson & Moreland, Inc. was assisted in
their work by consultants who are recognized
authorities in the field of servomechanisms.



PREFACE

Section 4 of the handbook on Servomechanisms contains Chapters 14 through 20, which
discuss servo power eclements and system design. The significant features of servo output
members are presented in Chapter 14 (Power Elements Used in Controllers) and in Chapter
15 (Mechanical Auxiliaries Used in Controllers). Chapter 16 is devoted to a discussion of the
typical procedure that can be used as a guide when designing a servo system; this is followed
by descriptions in Chapter 17 of two representative servo systems from existing Army
equipments. Supplementary design information is given in Chapter 18 (Auxiliaries Asso-
ciated with Servomechanisms), Chapter 19 (Constructional Techniques) and Chapter 20
(Supplementary Tables, Formulas, and Charts).

For information on other servomechanism components and on feedback control theory,
sec one of the following applicable sections of this handbook:

ORDP 20-136 Section 1 Theory (Chapters 1-10)

ORDP 20-137 Section 2 Measurement and Signal Converters (Chapters 11-12)

ORDP 20-138 Secction 3 Amplification (Chapter 13)

An index for the material in all four sections is placed at the end of Section 4.
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CHAPTER 14

POWER ELEMENTS USED IN CONTROLLERS*

14-1

The following types of power elements or
motors used in servomechanisms are dis-
cussed in this chapter: direct-current and al-
ternating-current electrical motors, hydraulic
and pneumatic motors, and magnetic-particle
clutches. A comparison between a-¢c and d-¢

INTRODUCTION

motors appears in Par. 14-2.1; problems of
hydraulic motors, pneumatic motors, and
magnetic clutches are listed in Pars. 14-4,
14-5, and 14-6, respectively. The choice of
which output motor to use is discussed in
Par. 16-3.4.

14-2 DIRECT-CURRENT MOTORS

14-2.1 USAGE CF D-C MOTORS

Of the two classes of motors available for
servo applications, direct-current motors, in
comparison with alternating-current motors,
have the following advantages :

(a) Speed is casily controllable.

(b) By wvarying field excitation, high
power gains are possible for speed control.

(c) High efficiency is obtained for motors
larger than 100-watt rating.

(d) Dependable rotary electric amplifiers

to drive larger size motors are readily avail-
able.

Direct-current motors have the following dis-
advantages :
(a) Commutator produces eleetrical noise.

(b) Brushes wear out (conditions of cold,
dry air appear to accelerate wear).

*By P.E. Smith, Jr.

(c) Brushes have an undesirable electrical
characteristic of acting as a nonlinear resis-
tance (an almost constant voltage drop occurs
across the brush; this voltage drop must be
exceeded when starting the motor before a
proportional input-output relationship can be
obtained).

(d) Brushes add coulomb friction (for
small motors, 10 to 20 waltts, this becomes
of consequence).

(e) The added complexity of a demodula-
tor is required if an a-c signal is used in the
error detector and amplifier.

The types of d-c motors used in servo ap-
plications are the series motor, the separately
excited shunt motor, .and the permanent-mag-
net motor. Series motors have high starting
torque and poor speed regulation. Shunt mo-
tors have lower starting torque but better
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Fig. 14-1 Rotary electric amplifier circuits for control of d-c motor.
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PONER HBVENTS USED IN CONTROLLERS

speed regulation than series motors. Perman-
ent-magnet motors are easy to drive since no
power is used for the field. A limitation is
that the field may be demagnetized if the mo-
tor is badly overloaded. Conventional d-c mo-
tors are unidirectional devices. The armature
rotation of series and shunt motors can be
reversed by reversing the current flow
through either the armature or field but not
both simultancously. Permanent-magnet mo-
tors are reversed by reversing the direction
of armature current ; high torques on rever-
sal are obtainable.

Many means are available for controlling
the speed or armature position of d-c motors;
they are

(a) Rotary electric amplifiers
(b) High-vacuum tube amplifiers
(¢) Gas-filled tube amplifiers

(d) Magnetic amplifiers

(e) Relay amplifiers

The generator, a basic rotary electric ampli-
fier (Fig.14-1A), operates at a constant speed
and produces an output voltage that is pro-
portional to the input signal applied to
its field. The output voltage developed across
the low impedance of the generator armature
excites the d-c motor armature with compara-
tively low power losses. The amplifying ac-
tion of the generator produces power gains
up to 100. A variation of the basic rotary
clectric amplifier is the amplidyne (Fig. 14-
1B). A short-circuited brush connection in
the armature of the amplidyne makes it possi-
ble to obtain high power gains of 3000 to
10,000. By this means, it is feasible to control
5- to 10-hp motors from a source capable of
delivering only 5 to 10 watts of input signal.
The higher power gain of the amplidyne is
achieved at the expense of a slower response.
Rotary clectric amplifiers (see Par. 13-4) are
used when large motors are to be controlled;
when drive motors less than 1/4-hp rating are
to be controlled, this type of amplifier be-
comes impractical.

High-vacuum tube amplifiers (see Par.
13-1) arc used to control d-¢c motors when the
motor is small enough so that a rotary elec-
tric amplifier is impractical. The amplifier
output may be used to excite either the arma-
ture or field of the motor. Armature control
by high-vacuum tubes is limited to motors not
larger than 1/20-hp rating because the entire
motor output power is derived from the arm-
ature circuit. Field control (Fig. 14-2) may
be used with motors whose ratings do not
exceed 1/2 hp; this assumes an amplifier out-
put of 20 watts and a motor field-to-arma-
ture power gain of about 25. To compensate
for the normal characteristics of a field-ex-
cited motor to exhibit increased speed at de-
creased field excitation and reduced torque at
high speed, a constant arm ature current is re-
quired. Partial compensation is obtained by
using a current-limiting resistor in series with
a high-voltage supply for the armature.®
To prevent large induced voltages from be-
ing developed in the field windings when the
field current is cut off for reversal, some pro-
tective device should be used to limit the volt-
agerise. For small motors, each field winding
may be shunted by a fixed resistor.‘®

Gas-filled tube amplifiers (see Par. 13-1)
can control motors about ten times larger
than is feasible with high-vacuum tube ampli-
fiers. Typical circuits using thyratrons with
cither a-c or d-c control signals are shown in
Fig. 14-3.%+% The split-field series motor
control circuit shown in Fig. 14-3A uses no
plate transformer. In Fig. 14-3B, the plate
transformer provides circuit isolation from
the a-c supply and a better match of a-c sup-
ply voltage to tube and motor characteristics.
In the circuit shown in Fig. 14-3C, two
gas-filled diodes allow a common cathode in-
put circuit to be used without a plate trans-
former. When V1 isconducting, armature cur-
rent passes through it and diode V4. When
V2 i1s made conducting, current passes
through it and diode ¥3. Resistors R1 and R2
maintain the common cathode connection at a
fixed potential to ground during the time nei-
ther triode is conducting. For gas-filled tube
amplifiers, Burnett® states that the best
system response may be obtained by the use
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Fig. 74-2 High-vacuum tube circuit for control of d-¢ motor.
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Fig. 74-3 Gas-filled tube circuits for control of d-¢ motors.
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of armature control powered from a multi-
phase supply. He also states that, with 3-
phase power, a 10-hpvelocity servo with a fre-
quency response flat to 15 cps is possible;
position control with a flat response to 10 cps
with the same motor is claimed.

Magnetic amplifiers (see Par. 13-3) pro-
vide more reliable control of d-c motors than
do vacuum-tube or relay amplifiers. Figure
14-4 shows a typical magnetic amplifier with
two cores for controlling the position of a
serics motor with split-field windings.™ By
reversing the polarity of the input signal,
either direction of motor rotation can be
obtained. If a separately excited motor with
constant-voltage field supply were used, ex-
cessive circulating current would result when
the motor operates in one direction.®™ Mag-
netic amplifiers can be used to control the
speed of d-c motors by field control or arma-
ture control.® Onecircuit (Fig. 14-5) for uni-
directional speed control uses a large induct-
ance in series with the armature circuit to

obtain sloping speed-torque characteristics
very similar to the uncontrolled motor but
with greater slope.'® If compensation pro-
portional to the armature current is added,
nearly flat speed-torque characteristics can be
achieved.

Relay amplifiers (see Par. 13-5) are used
to control d-c motors when size and weight
are primary considerations and reliability
is secondary. A single-pole, double-throw po-
larized relay (Fig. 14-6A) provides a simple
means for controlling a series motor with
split-field windings. No motor damping is
provided when the relay is not energized
(contacts open). If motor damping is desired,
two single-pole, double-throw relays which
are alternately energized may be used (Fig.
14-6B). To minimize relay contact current,
field control of a shunt motor can be used. In
this case, the armature should be powered
from a constant current source. The protec-
tion of relay contacts is discussed in Par.
13-5.

- L ]
P I
T D
GONTROL | ol
SIGNAL INPUT :;V .
(REVERSIBLE BIAS SUPPLY
POLARITY) 1= i
_

SPLIT-FIELD
SERIES MOTOR

FIELD 1

POWER

) ARMATURE — ouTPUT

FIELD 2

C SUPP

Fig 74-4 Magnetic amplifier circuit for control of series motor.
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N- - I‘
CORE 1
INDUCTOR
D-C MOTOR
FIELD C} — ] 9 COWER
ARMATURE
o
D-C SUPPLY
CORE 2
b acsUPPLY — w4

Fig. 14-5 Magnetic amplifier circuit for unidirectional control of shunt motor.

14-2,2 STATIC CHARACTERISTICS OF
D-C MOTORS

In the general case for all types of d-c mo-
tor control, the following equations express
the steady-state behavior of the motor:

V., =LR. TKlLo (14-1)
T =KIl, (14-2)
where

V, = armature terminal voltage, in volts
I, = armature current, in amperes

I; = field current, in amperes

R, = armature resistance, in ohms

K = a constant

T = torque produced by motor, in newton-
meters

o = speed of armature-shaftrotation, in
radians/sec (0 = 2r X rpm/60)

The above gencral equations may be modi-
fied for the following particular types of mo-
tor control :

(a) Armature control with constant field
current

(b) Field control with constant armature
current

(¢) Field control with constant armature
voltage

(d) Series motor control

14-2.3 Armature Control with Constant
Field Current

Since the field current is constant in this
type of control, the term KI;, may be com-
bined in a new term K, and substituted into
Eqs. (14-1) and (14-2). Then Eq. (14-2) is
substituted into Eq. (14-1) which is solved
for w to obtain

V{ R

= —T i

14-3
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IGN
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Fig. 74-6 Relay amplifier circuits for control of d-¢ motors.
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Solving Eq. (14-3) for T
Kl V, _ K12
R, R,

The stall torque Ty which occurs at the maxi-
mum armature terminal voltage Vix is found
from Eq. (14-4) when T= Ty, V, = V,y, and
w=0.

T= o (14-4)

Ty = K, Viu (14-5)
e K,
Solving Eq. (14-5) for i
K, _ Ty (14-6)
Ra Vl.\l

Substituting Eq. (14-6) into Eq. (14-4)

71— Doy, _Tv g,

= (14-7)
Vt.ll VtM

The no-load speed wy at the maximum arma-
turc terminal voltageV,, is found from Eq.
(14-3) when 0 = wy, Vi = Viyur, and T =0.

Viu
=— 14-8
Wyr K, ( )
. K,
Solving Eq. (14-8) for
VIJI
K _ 1 (14-9)
Viu Wy
Substituting Eq. (14-9) into Eq. (14-7)
= TuVe Tuo (14-10)
Via Wy )
Dividing Eq. (14-10) by T, results in
Ir_n_ o (14-11)

Ty Vex Wy

A plot of T/Ty versus w/wy characteristics
with V,/V,y as a parameter is shown in Fig.
14-7. The curves of this figure are nondimen-
sionalized and based on Eq. (14-11).

If the manufacturer’s data for a particular
motor are known, the curves can be dimen-
sionalized for that motor. For example, a
motor has an armature resistance of 5 ohms
and a no-load speed of 3000 rpm at a maxi-
mum armature terminal voltage of 90 volts.

Fig. 14-7 Static torque-speed characteristics of
armature-controlled d-c motor.

To dimensionalize a plot of T/T) versus w/wy
characteristics, find the value of no-load speed
wy in radians/sec and the value of stall
torque T

From Eq. (14-1), o is defined as 2n X
rpm/60. At no-load speed, ® = wy which is

— 2x X 3000
60

®yr

= 314 radians/sec

At the point w/wy = 1 on Fig. 14-7, the no-
load speed wy is 314 radians/sec. All other
points on the w/wy axis are dimensioned pro-
portionally.

Substituting 314 for wy and 90 for Vy in
Eq. (14-9) and solving for K; gives

K1 :h

Wy

90

~ 314
— 0.286
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From Eq. (14-5), the stall torque is
K,

a

= 5.15 newton-meters

At the point /T, = 1on Fig. 14-7, the stall
torque Ty =T = 5.15 newton-meters. All
other points on the T/T, axis are dimensioned
proportionally. A value of 90 voits is assigned
tocurve V,/V,y = 1 (maximum armature ter-
minal voltage), and the other curves are
dimensioned proportionally.

14-2.4 Field Control with Constant
Armature Current

TJ[ =

Vix (14-5)

The armature current must be maintained
constant for lincar operation of ficld-con-
trolled motors. The torque is given by Eq.
(14-2) which applies directly in this case.

T— KII, (14-2)

With the maximum field current I, applied,
the maximum torque T’y which results is

T.)l == KI!J[I{, (14'12)
Dividing Eq. (14-2) by Eq. (14-12) results in
To_

T:II B [/AII
Figure 14-8 is a plot of 7/Tx versus o/wy
characteristics with I,/I;; as a parameter.
Note that the figure and Eq. (14-13) are
nondimensionalized and that the torque is
independent of the motor speed.

14-2.5 Field Control with Constant
Armature Voltage
Equations (14-1) and (14-2) express the
steady-state behavior of this type of control.
The nondimensionalized equation is*

T I ) ( I, ® )
= | = 1 - =L —
T M (I/M 1 ™ X wr
(14-14)

(14-13)

*See Appendix on page 14-24.

!
A _ 10
'fM
1.0
0.9
0.8
[ 07
T 0.6
Bl 05
’_l._E 0.5
S
- 0.4
>
£ 0.3
[ ~3
0.2
0.1
0.0
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Fig. 14-8 Static torque-speed characteristics of
field-controlled d-c motor, constant
armature current.

where
I;,, = maximum field current
T, = stall torque at I, = Iy
oz = no-load (zero-torque) speed for
I, =1y
A plot of Eq. (14-14) is shown in Fig. 14-9.
14-2.6 Series Motor Control

Since the armature current is the same as
the field current in this type of control, the
term I; can be substituted into Egs. (14-1)
and (14-2) to obtain

V,=ILR, TKI,o
T = KI?

(14-15)
(14-16)
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TORQUE [T
) —=
o
wun

Fig. 14-9 Static torque-speed characteristics of
field-controlled d-c¢ motor, constant
armature voltage.

Solving Eq. (14-16) for [, and substituting
into Eq. (14-15) gives

V= <-T—> l/é)( < R, +Kuw )

< (14-17)

By defining w, = B,/K and T, as the stall
torque at Viy, the maximum armature ter-
minal voltage, it can be shown that

(%)
T _
—= Viu/ _ (14-18)
M (1 + W )
()7

A plot of T/T) versus w/w, characteristics
with V:/V;y, as a parameter is shown in Fig.
14-10. The curves in this figure are non-
dimensionalized and based on Eq. (14-18).

NOTE: NEGATIVE ¥V /V, . INFERS USE OF
SPLIT-FIELD SERIES MOTOR OR A
CIRCUIT RECONNECTION BY USE
OF RELAYS. THE NEGATIVE V,/v

o8l CURVES HAVE ODD SYMMETRY.
DASHED LINE REPRESENTS A
TYPICAL VISCOUS FRICTION LOAD.

TORQUE (T}
WE lra)
o o

B

LOAD LINE

0.2}
— /0.2

SPEED /@

\/N-i By /
Vs

Fig. J4-70 Static torque-speed characteristics
of series motor.

14-2.7 DYNAMIC CHARACTERISTICS OF
D-C MOTORS

The dynamic characteristics of d-c motors
mvolve additional parameters besides those
that describe the static Characteristics. The
effect of the armature or ficld inductance and
the mechanical inertia and load must be con-
sidered. The dynamic characteristics of the
following types of motor control are dis-
cussed :

(a) Armature control with constant field
current

(b) Field control with constant armature
current

(¢) Field control with constant armature
voltage

(d) Series motor control
(e) Rotary clectric amplifier control
(f) Electronic amplifier control

14-11
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14-2.8 Armature Control with Constant
Field Current

The dynamic characteristics for the arma-
ture-controlled motor are expressed by the
equations

Vi=IL,R,+Kl,o+ L,s1, (14-19)

T = Tl,t + Jsw (14-20)
where

8 =the complex frequency operator

L, = armature inductance, in henries

J = inertia of motor, gear train, and load

referred to the motor shaft, in kilo-
gram-meters'

T, =load, bearing, and motor windage
torque referred to the motor, in
newton-meters

If the load, bearing, and motor windage
torque has a component which can be approx-
imated as proportional to the speed o, the
load torque may be expressed as

where

Bo = viscous friction component of load
torque

T, = all effects of load torque except J
and Bo

Equations (14-19), (14-20), and (14-21) are
combined and expressed in block diagram
form in Fig. 14-11. Block diagram formula-
tion is explained in Par. 3-5.

14-2.9 Field Control with Constant
Armature Current

The following equations describe the dy-
namic behavior of a ficld-controlled motor,
assuming an ideal constant-current source
for the armature:

V,:I,R,+L;sl,
T =7, % BotJse

(14-22)
(14-23)
where

V, = field terminal voltage, in volts

R, = field resistance, in ohms

L, = field inductance, in henries

Equations (14-22) and (14-23) are combined
and expressed in block diagram form in Fig.

T,:=T,+ Bo (14-21) 14-12.

! K
% ' Ic TL I ;l
a '_“ =
3 1z
5 by o+ + - |5
w 1 1 - x
d -rnr L Klf I ._.i P_
zl - I

[

w , |

Ry fe—d )

K, |

Fig. 14-11 Block diagram for armature-controlled d-¢ motor.
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14-2.10 Field Control with Constant
Armature Voltage
The dynamic behavior for the field-con-
trolled motor with constant armature voltage
is expressed by the cquations

V.= LR, + KlLo+ L % (14-24)
T —KI[, (14-2)
T =T, + Bo+J22 (14-25)

dt

The terms Kl,o and KI;I, contain the pro-
ducts of two variables, and introduce a non-
linearity. If the back-emf term KL is
denoted as V,, the variation in the quantities
V., and T can be written as

AV, — 2V A1 4 -&Am (14-26)
oIy

AT — 2L ap, 4 2T 4y, (14-27)
31/ aIa

Add the average value V,, to the variation
AV,; and add the average value T, to the
variation AT. Then

+5T +aT
ol

(14-29)

T=T,tAT =T, Al

ll

The partial derivatives become

a2V,
21
o____ _p

ow X (14-30)

:K(,O 1’
1
i

oT :
ol J
The average values of the various variables

are : terminal voltage V,, ; armature current
Ia.; speed w,; torque T,; and field current Iy,.

In terms of average values only, Eqs. (14-

24), (14-2), and (14-25) become
Vie=1,R,+ Kl 03, (14-31)
T, = K1, (14-32)
T, =Ty + Bw, (14-33)

Vo= Vi + AV, = Vo + 272 a1, 4+ 2V0 p  (14-28)
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Fig. 14-12 Block diagram for field-controlled d-c motor, constant armature current.
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PONMER HEHVENTS AND SYSTEV DESIGN

The average field voltage is the product of
the average field current and the field re-
sistance; l.e, V, =I1,R, For a position
servo, w, can be considered as zero. In this
case

V/n - [aa Ra (14-34)
T, =KII,,=T,, (14-35)
Insert the expressions

I,=1,FAlL

dAl,

Vi=R,(I,, + AL) + L
‘ (Loo + AL) + L —
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